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A mathematical model for the effects of chemical reaction and heat generation/absorption on unsteady laminar free convective
flow with heat and mass transfer over an incompressible viscous fluid past a vertical permeable cone with nonuniform surface
temperature 𝑇
󸀠
𝑤
(𝑥) = 𝑇
󸀠
∞
+ 𝑎𝑥
𝑛 and concentration 𝐶
󸀠
𝑤
(𝑥) = 𝐶
󸀠
∞
+ 𝑏𝑥
𝑚 is considered here. The dimensionless governing boundary
layer equations of the flow that are transient, coupled, and nonlinear partial differential equations are solved by an efficient, accurate,
and unconditionally stable finite difference scheme of Crank-Nicholson type.The velocity, temperature, and concentration profiles
have been studied for various parameters, namely, chemical reaction parameter 𝜆, the heat generation and absorption parameterΔ,
Schmidt number Sc, Prandtl number Pr, buoyancy ratio parameter 𝑁, surface temperature power law exponent 𝑛, and surface
concentration power law exponent 𝑚. The local as well as average skin friction, Nusselt number, and Sherwood number are
discussed and analyzed graphically. The present results are compared with available results in open literature and are found to
be in excellent agreement.
1. Introduction
The problem of two-dimensional axisymmetric free con-
vective flow past a vertical cone with different boundary
conditions has attracted the attention of many researchers in
recent years. When a heated surface is in contact with the
fluid, the result of temperature difference causes buoyancy
force, which induces the natural convection. Free convection
flows under the influence of gravitational force have been
studied in detail because they occur frequently in nature.
Simultaneous heat and mass transfer in natural convection
flows on a vertical cone has a wide range of applications
in the field of science and technology. Also it plays an
important role in manufacturing industries for the design
of reliable equipment for nuclear power plants, gas turbines,
and various propulsion devices for aircraft,missiles, satellites,
and space vehicles. The flow of a fluid is caused not only
by the temperature differences, but also by concentration
differences. These concentration differences affect the flow
and temperature near the surface of a body embedded
in a fluid. In engineering applications, the concentration
differences are created either by injecting the foreign gases
or by coating the surface with evaporating material which
evaporates due to the heat of the surface. The presence of
foreign masses in air and water like hydrogen H
2
and water
H
2
Ocauses some kind of chemical reaction.Heat is generated
due to this chemical reaction. A common example of heat and
mass transfer is the evaporation of lake water into the wind
flowing over it. In some cases, mass transfer is predominant
and heat transfer may be negligible; in other cases, both
remain equally predominant. Mass transfer proceeds as long
as there is a difference in concentrations of some chemical
Hindawi Publishing Corporation
Mathematical Problems in Engineering
Volume 2014, Article ID 849570, 20 pages
http://dx.doi.org/10.1155/2014/849570
2 Mathematical Problems in Engineering
g
r
x
u

y
𝜙
Figure 1: Physical model and coordinate system.
species in themixture. Hence, the concentration gradient acts
as a driving potential in mass transfer, just as the temperature
gradient does in heat transfer.
Since 1953 several authors have developed similar-
ity/nonsimilarity solutions for two-dimensional axisymmet-
rical problems for natural convection laminar flow over ver-
tical cone in steady state (see [1–4]). Kafoussias [5] analyzed
the effects of mass transfer on a free convective flow past a
vertical cone surface embedded in an infinite, incompressible,
and viscous fluid. Yih [6, 7] studied in saturated porousmedia
the combined heat and mass transfer effects over a full cone
with uniform wall temperature/concentration or heat/mass
flux and for truncated cone with nonuniform wall temper-
ature/variable wall concentration or variable heat/mass flux
using the Keller box implicit difference method. Chamkha
[8] considered the problem of steady state laminar heat
and mass transfer by natural convection boundary layer
flow around a permeable truncated cone in the presence
of magnetic field and thermal radiation effects; nonsimi-
lar solutions were obtained and solved numerically by an
implicit finite difference methodology. Later Chamkha and
Quadri [9] solved the problem of combined heat and mass
transfer by hydromagnetic natural convection over a cone
embedded in a non-Darcian porous medium with heat gen-
eration/absorption effects; a nonsimilar form of the solution
was solved numerically by an implicit, iterative, and finite
difference method. Afify [10] studied the effects of radiation
and chemical reaction on a steady free convective flow and
mass transfer of an optically dense viscous, incompressible,
and electrically conducting fluid past a vertical isothermal
cone in the presence of a magnetic field; the resulting simi-
larity equations were solved numerically using a fourth-order
Runge-Kutta scheme with the shooting technique. Chamkha
andAl-Mudhaf [11] focused on the study of unsteady heat and
mass transfer bymixed convection flowover a vertical perme-
able cone rotating in an ambient fluid with a time-dependent
angular velocity in the presence of a magnetic field and heat
generation or absorption effects with the cone surface which
is maintained at variable temperature and concentration
and obtained numerical solutions by solving the governing
partial differential equations using an implicit, iterative finite
difference scheme. Chamkha et al. [12] studied the effects
of coupled heat and mass transfer by boundary layer free
convection over a vertical flat plate embedded in a fluid-
saturated porous medium in the presence of thermophoretic
particle deposition and heat generation or absorption effects;
the governing partial differential equations are transformed
into ordinary differential equations by using special trans-
formations and the resulting similarity equations are solved
numerically by an efficient implicit tridiagonal finite dif-
ference method. EL-Kabeir et al. [13] used perturbation
method to study the effect of heat and mass transfer on
free convection flow with a uniform suction and injection
over a cone in a micropolar fluid. EL-Kabeir and Abdou
[14] studied the effects of chemical reaction and heat and
mass transfer on MHD flow over a vertical isothermal cone
surface in micropolar fluids with heat generation/absorption
effects and obtained numerical solutions by using the fourth-
order Runge-Kuttamethodwith shooting technique. Also El-
Kabeir et al. [15] discussed the linear transformation group
approach to simulate the problem of heat and mass transfer
in steady, two-dimensional, laminar, and boundary layer
flow of a viscous, incompressible, and electrically conducting
fluid over a vertical permeable cone surface saturated porous
medium in the presence of a uniform transverse magnetic
field and thermal radiation effects. Cheng [16] presented a
boundary layer analysis about the natural convection heat
and mass transfer near a vertical cone with variable wall
temperature and concentration in a porousmedium saturated
with non-Newtonian power law fluids; coordinate transform
is used to obtain the nonsimilar governing equations, and the
transformed boundary layer equations are solved by the cubic
spline collocation method. Cheng [17, 18] analyzed the Soret
and Dufour effects on the boundary layer flow due to natural
convection heat andmass transfer over a downward-pointing
vertical cone and truncated cone in a porous medium satu-
rated with Newtonian fluids with constant wall temperature
and concentration, similarity analysis is performed, and
similarity equations are solved by cubic spline collocation
method.Murti et al. [19] discussed the radiation and chemical
reaction effects on heat and mass transfer in non-Darcy non-
Newtonian fluid over a vertical surface; the governing bound-
ary layer equations and boundary conditions are simplified by
using similarity transformations and are solved numerically
by means of fourth-order Runge-Kutta method coupled
with double-shooting technique. Kishore et al. [20] studied
viscoelastic buoyancy driven MHD free convective heat and
mass transfer past a vertical cone with thermal radiation and
viscous dissipation and obtained numerical solutions for the
governing equations using Crank-Nicholsonmethod.Mahdy
[21] focused on the study of combined heat andmass transfer
on double-diffusive convection near a vertical truncated cone
in a fluid-saturated porous medium in the presence of a first-
order chemical reaction and heat generation or absorption
with variable viscosity. Viscosity of the fluid is assumed
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Figure 2: (a) Transient velocity profiles at𝑋 = 1.0 for different values of Δ and Pr. (b) Transient temperature profiles at𝑋 = 1.0 for different
values of Δ and Pr. (c) Transient concentration profiles at𝑋 = 1.0 for different values of Δ and Pr.
to be an inverse linear function of the temperature; the
nondimensional nonsimilar governing equations are solved
numerically using the fourth-order Runge-Kutta integration
scheme with Newton-Raphson shooting technique.
Mohiddin et al. [22, 23] discussed the combined effects
of thermal radiation and viscous dissipation on unsteady,
laminar, and free convective flow with heat and mass transfer
over an incompressible viscous fluid past vertical cone with
variable surface temperature and concentration in the pres-
ence of a transverse magnetic field applied normal to the sur-
face, heat and mass transfer in a Walters-B viscoelastic fluid
along a vertical cone using Crank-Nicholson finite difference
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Figure 3: (a) Transient velocity profiles at𝑋 = 1.0 for different values of 𝜆 and Sc. (b) Transient temperature profiles at𝑋 = 1.0 for different
values of 𝜆 and Sc. (c) Transient concentration profiles at𝑋 = 1.0 for different values of 𝜆 and Sc.
scheme. Patil and Pop [24] considered the unsteady mixed
convection boundary layer flow over a vertical cone to inves-
tigate the combined effects of the buoyancy force, thermal
andmass diffusion in the presence of the first-order chemical
reaction and surface mass transfer. The governing boundary
layer equations are transformed into a nondimensional form
by a group of nonsimilar transformations and the resulting
system of coupled nonlinear partial differential equations is
solved numerically by the combination of quasilinearization
technique and an implicit finite difference scheme. Recently
El-Kabeir and El-Sayed [25] studied the problem of heat and
mass transfer by free convection of a viscoelastic fluid past a
vertical isothermal cone surface in the presence of transverse
uniform magnetic field and chemical reaction effect taking
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Figure 4: (a) Transient velocity profiles at𝑋 = 1.0 for different values of𝑚. (b) Transient temperature profiles at𝑋 = 1.0 for different values
of𝑚. (c) Transient concentration profiles at𝑋 = 1.0 for different values of𝑚.
into account the effects of viscous dissipation, Joule heating,
and thermal radiation.The cone surface is maintained at con-
stant temperature and constant species concentration. The
governing partial differential equations are transferred into
a system of ordinary differential equations, which are solved
numerically using a fourth-order Runge-Kutta scheme with
the shooting method. Awad et al. [26] studied the Soret and
Dufour effects on the skin friction coefficient, the heat and
the mass transfer from an inverted cone in a porous medium.
Numerical solutions for the governing momentum, energy,
and concentration equations were found using a shooting
method together with a sixth-order Runge-Kutta method.
The results were validated by using a linearization method.
Also Narayana et al. [27] studied the Soret and Dufour
effects on free magneto hydrodynamic convection from a
vertical spinning cone. They discussed two different types of
boundary heating, namely, linear surface temperature (LST),
where the surface of the cone is maintained at a temperature
that varies linearly with the distance from origin, and linear
surface heat flux (LSHF). The nonlinear coupled governing
equations were solved using a shooting technique together
with a Runge-Kutta method of four slopes. Basiri Parsa et
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Figure 5: Transient concentration profile at 𝑋 = 1.0 for different
values of 𝑛.
al. [28] discussed steady laminar magneto hydrodynamic
boundary layer flow past a stretching surface with uniform
free stream and internal heat generation or absorption in
an electrically conducting fluid. The governing boundary
layer and temperature equations for this problem are first
transformed into a system of ordinary differential equations
using similarity variables and then solved by using a new
analytical method and numerical method, by using a fourth-
order Runge-Kutta and shooting method.
The objective of the present investigation, namely, tran-
sient free convective flow from a nonisothermal vertical
cone with heat generation/absorption and chemical reaction,
has not received any attention in literature. Also it has a
wide range of applications in the field of nuclear reactor
safety, solar energy plants, drying, and dehydration process in
chemical and food process, design of space crafts and steam
generators, and so forth. Hence, the present work studies
and deals with the transient free convective flow from a
nonisothermal vertical cone with the above said effects. The
governing boundary layer equations are solved by an implicit
finite difference scheme of Crank-Nicolson type for various
values of parameters 𝜆, Δ, Sc, Pr, 𝑁, 𝑛, and 𝑚. In order
to check the accuracy of the numerical results, the present
results are compared with the available results of Chamkha
[8] and they are found to be in excellent agreement.
2. Mathematical Formulation
An axisymmetric unsteady, laminar free convection flow of a
viscous incompressible fluid past a vertical conewith nonuni-
form surface temperature and concentration under the influ-
ence of chemical reaction and heat generation/absorption is
considered. It is assumed that the effects of viscous dissipation
and pressure gradient along the boundary layer are negligible.
It is also assumed that there exists first-order chemical
reaction between the fluid and the species concentration.
The concentration 𝐶󸀠 of the diffusing species is assumed to
be very small in comparison to the other chemical species
far away from the surface of the cone 𝐶󸀠
∞
. Hence the Soret
and Dufour effects are neglected. It is also assumed that the
cone surface and the surrounding fluid which is at rest are
at the same temperature 𝑇󸀠
∞
and concentration 𝐶󸀠
∞
. Then at
time 𝑡󸀠 > 0, the temperature of the cone surface is suddenly
raised to 𝑇󸀠
𝑤
(𝑥) = 𝑇
󸀠
∞
+ 𝑎𝑥
𝑛 and the concentration near the
cone surface is also raised to 𝐶󸀠
𝑤
(𝑥) = 𝐶
󸀠
∞
+ 𝑏𝑥
𝑚 and both
are maintained at the same level, where 𝑎, 𝑏 are the positive
constants and 𝑛, 𝑚 are the exponents in power law variation
in surface temperature and concentration, respectively. The
coordinate system is chosen (as shown in Figure 1) such that𝑥
measures the distance along surface of the cone from the apex
(𝑥 = 0) and 𝑦 measures the distance normally outward. The
fluid properties are assumed to be constant except the density
variations causing a body force in the momentum equa-
tion. The governing boundary layer equations of continuity,
momentum, energy, and concentration under Boussinesq
approximation are as follows:
equation of continuity:
𝜕
𝜕𝑥
(𝑟𝑢) +
𝜕
𝜕𝑦
(𝑟V) = 0; (1)
equation of momentum:
𝜕𝑢
𝜕𝑡󸀠
+ 𝑢
𝜕𝑢
𝜕𝑥
+ V
𝜕𝑢
𝜕𝑦
= 𝑔𝛽 (𝑇
󸀠
− 𝑇
󸀠
∞
) cos𝜙 + 𝜐𝜕
2
𝑢
𝜕𝑦2
+ 𝑔𝛽
∗
(𝐶
󸀠
− 𝐶
󸀠
∞
) cos𝜙;
(2)
equation of energy:
𝜕𝑇
󸀠
𝜕𝑡󸀠
+ 𝑢
𝜕𝑇
󸀠
𝜕𝑥
+ V
𝜕𝑇
󸀠
𝜕𝑦
= 𝛼
𝜕
2
𝑇
󸀠
𝜕𝑦2
+
𝑄
𝑜
𝜌𝑐
𝑝
(𝑇
󸀠
− 𝑇
∞
) ; (3)
equation of concentration:
𝜕𝐶
󸀠
𝜕𝑡󸀠
+ 𝑢
𝜕𝐶
󸀠
𝜕𝑥
+ V
𝜕𝐶
󸀠
𝜕𝑦
= 𝐷
𝜕
2
𝐶
󸀠
𝜕𝑦2
− 𝑘
1
(𝐶
󸀠
− 𝐶
∞
) . (4)
The initial and boundary conditions are
𝑡
󸀠
≤ 0: 𝑢 = 0, V = 0,
𝑇
󸀠
= 𝑇
󸀠
∞
, 𝐶
󸀠
= 𝐶
󸀠
∞
∀𝑥, 𝑦,
𝑡
󸀠
> 0: 𝑢 = 0, V = 0,
𝑇
󸀠
(𝑥) = 𝑇
󸀠
∞
+ 𝑎𝑥
𝑛
,
𝐶
󸀠
(𝑥) = 𝐶
󸀠
∞
+ 𝑏𝑥
𝑚 at 𝑦 = 0,
𝑢 = 0, 𝑇
󸀠
= 𝑇
󸀠
∞
, 𝐶
󸀠
= 𝐶
󸀠
∞
at 𝑥 = 0,
𝑢 󳨀→ 0, 𝑇
󸀠
󳨀→ 𝑇
󸀠
∞
, 𝐶
󸀠
󳨀→ 𝐶
󸀠
∞
as 𝑦 󳨀→ ∞.
(5)
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Figure 6: (a) Transient velocity profiles at𝑋 = 1.0 for different values of𝑁. (b) Transient temperature profiles at𝑋 = 1.0 for different values
of𝑁. (c) Transient concentration profiles at𝑋 = 1.0 for different values of𝑁.
Local skin friction, local Nusselt number, and local Sherwood
number are given by
𝜏
𝑥
= 𝜇(
𝜕𝑢
𝜕𝑦
)
𝑦=0
,
Nu
𝑥
=
−𝑥(𝜕𝑇
󸀠
/𝜕𝑦)
𝑦=0
𝑇󸀠
𝑤
− 𝑇󸀠
∞
,
Sh
𝑥
=
−𝑥(𝜕𝐶
󸀠
/𝜕𝑦)
𝑦=0
𝐶󸀠
𝑤
− 𝐶󸀠
∞
.
(6)
Using the following nondimensional quantities:
𝑋 =
𝑥
𝐿
, 𝑌 =
𝑦
𝐿
(Gr
𝐿
)
1/4
, 𝑅 =
𝑟
𝐿
,
where 𝑟 = 𝑥 sin𝜙,
𝑉 =
V𝐿
𝜐
(Gr
𝐿
)
−1/4
, 𝑈 =
𝑢𝐿
𝜐
(Gr
𝐿
)
−1/2
,
𝑡 =
𝜐𝑡
󸀠
𝐿2
(Gr
𝐿
)
1/2
,
𝑇 =
(𝑇
󸀠
− 𝑇
󸀠
∞
)
(𝑇󸀠
𝑤
− 𝑇󸀠
∞
)
, Gr
𝐿
=
𝑔𝛽 (𝑇
󸀠
𝑤
− 𝑇
󸀠
∞
) 𝐿
3 cos𝜙
𝜐2
,
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Figure 7: (a) Local skin friction for different values ofΔ and Pr. (b) Local Nusselt number for different values ofΔ and Pr. (c) Local Sherwood
number for different values of Δ and Pr.
Pr = 𝜐
𝛼
,
𝑇 =
(𝐶
󸀠
− 𝐶
󸀠
∞
)
(𝐶󸀠
𝑤
− 𝐶󸀠
∞
)
, Gr∗ =
𝑔𝛽
∗
(𝐶
󸀠
𝑤
− 𝐶
󸀠
∞
) 𝐿
3 cos𝜙
𝜐2
,
Sc = 𝜐
𝐷
, 𝑁 =
Gr∗
Gr
𝐿
, Δ =
𝑄
𝑜
𝐿
2
𝐶
𝑝
𝜇
(Gr
𝐿
)
−1/2
,
𝜆 =
𝑘
1
𝐿
2
𝜐
(Gr
𝐿
)
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.
(7)
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Figure 8: (a) Local skin friction profiles for different values of 𝜆 and Sc. (b) Local Nusselt number profiles for different values of 𝜆 and Sc. (c)
Local Sherwood number profiles for different values of 𝜆 and Sc.
Equations (1), (2), (3), (4), and (5) can then be written in the
following nondimensional form:
𝜕 (𝑈𝑅)
𝜕𝑋
+
𝜕 (𝑉𝑅)
𝜕𝑌
= 0,
𝜕𝑈
𝜕𝑡
+ 𝑈
𝜕𝑈
𝜕𝑋
+ 𝑉
𝜕𝑈
𝜕𝑌
= 𝑇 + 𝑁𝐶 +
𝜕
2
𝑈
𝜕𝑌2
,
𝜕𝑇
𝜕𝑡
+ 𝑈
𝜕𝑇
𝜕𝑋
+ 𝑉
𝜕𝑇
𝜕𝑌
=
1
Pr
𝜕
2
𝑇
𝜕𝑌2
+ Δ𝑇,
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Figure 9: (a) Local skin friction profiles for different values of 𝑚. (b) Local Nusselt number profiles for different values of 𝑚. (c) Local
Sherwood number profiles for different values of𝑚.
𝜕𝐶
𝜕𝑡
+ 𝑈
𝜕𝐶
𝜕𝑋
+ 𝑉
𝜕𝐶
𝜕𝑌
=
1
Sc
𝜕
2
𝐶
𝜕𝑌2
− 𝜆𝐶.
(8)
The corresponding nondimensional initial and boundary
conditions are
𝑡 ≤ 0: 𝑈 = 0, 𝑉 = 0,
𝑇 = 0, 𝐶 = 0 ∀𝑋, 𝑌,
𝑡 > 0: 𝑈 = 0, 𝑉 = 0, 𝑇 = 𝑋𝑛,
𝐶 = 𝑋
𝑚 at 𝑌 = 0,
𝑈 = 0, 𝑇 = 0, 𝐶 = 0 at 𝑋 = 0,
𝑈 󳨀→ 0, 𝑇 󳨀→ 0, 𝐶 󳨀→ 0 as 𝑌 󳨀→ ∞.
(9)
Local skin friction, local Nusselt number, and local Sherwood
number in nondimensional quantities are
𝜏
𝑋
= Gr
𝐿
3/4
(
𝜕𝑈
𝜕𝑌
)
𝑌=0
,
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Figure 10: Local Sherwood number profiles for different values of
𝑛.
Nu
𝑋
=
𝑋
𝑇
𝑌=0
(
−𝜕𝑇
𝜕𝑌
)
𝑌=0
Gr
𝐿
1/4
,
Sh
𝑋
=
𝑋
𝐶
𝑌=0
(
−𝜕𝐶
𝜕𝑌
)
𝑌=0
Gr
𝐿
1/4
.
(10)
Average skin friction, average Nusselt number, and average
Sherwood number in nondimensional quantities are
𝜏 = 2Gr
𝐿
3/4
∫
1
0
𝑋(
𝜕𝑈
𝜕𝑌
)
𝑌=0
𝑑𝑋,
Nu = 2Gr
𝐿
1/4
∫
1
0
𝑋
𝑇
𝑌=0
(
−𝜕𝑇
𝜕𝑌
)
𝑌=0
𝑑𝑋
Sh = 2Gr
𝐿
1/4
∫
1
0
𝑋
𝐶
𝑌=0
(
−𝜕𝐶
𝜕𝑌
)
𝑌=0
𝑑𝑋.
(11)
3. Solution Procedure
Theunsteady nonlinear coupled partial differential equations
(8) with the initial and boundary conditions (9) are solved
by employing a finite difference scheme of Crank-Nicholson
type which is rapidly convergent and unconditionally stable
as discussed by Soundalgekar and Ganesan [29], Bapuji et
al. [30], and Muthucumaraswamy and Ganesan [31, 32].
The region of integration is considered as a rectangle with
𝑋max(=1) and 𝑌max(=20), where 𝑌max corresponds to 𝑌 = ∞
which lies very well outside both themomentum and thermal
boundary layers. The maximum of 𝑌 was chosen as 20, after
some preliminary investigation so that the last two boundary
conditions of (9) are satisfied within the tolerance limit of
10
−5.Themesh sizes have been fixed asΔ𝑋 = 0.05,Δ𝑌 = 0.05
with time step Δ𝑡 = 0.01. The computations are carried
out first by reducing the spatial mesh sizes by 50% in one
direction and later in both directions by 50%. The results are
compared. It is observed in all cases that the results differ only
in the fifth decimal place. Hence, the choice of the mesh sizes
seems to be appropriate.The scheme is unconditionally stable
as described by Bapuji et al. [33]. The local truncation error
is 𝑂(Δ𝑡2 + Δ𝑌2 + Δ𝑋) and it tends to zero as Δ𝑡, Δ𝑌, and Δ𝑋
tend to zero. Hence, the scheme is compatible. Stability and
compatibility ensures the convergence.
4. Result and Discussion
In order to prove the accuracy of our numerical results, the
present results for the steady state flow at 𝑋 = 1.0 are
compared with available solutions from the open literature.
The numerical values of the local skin friction 𝜏
𝑋
and the
local Nusselt number Nu
𝑋
for different values of the Prandtl
number with𝑀 = 0,𝑁 = 0, 𝑛 = 0, and 𝑅
𝑑
= 0 are compared
with the results of Chamkha [8] in Table 1, where 𝑓󸀠󸀠(∞, 0)
and −𝜃󸀠(∞, 0) are the steady state local skin friction and the
local Nusselt number for a full cone. It is observed that the
results are in good agreement with each other.
Velocity, temperature, and concentration profiles
for different values of Prandtl number Pr, heat
generation/absorption parameter Δ, are shown in Figures
2(a)–2(c). The positive values of Δ represent the presence of
heat generation and the negative values correspond to heat
absorption. It is noted from Figure 2(a) that the effect of
the heat generation/ absorption parameter Δ on the velocity
distribution. It is seen from the figure that when heat is
generated the buoyancy force increases which induces the
flow rate to increase and giving rise to the velocity profiles
but the momentum boundary layer decreases as Δ and Pr
increases. Figure 2(b) depicts the temperature increases
for higher values of Δ and lower values of Pr; the thermal
boundary layer decreases for the larger value of Δ and Pr.
From Figure 2(c) it is seen that the concentration decreases
and the time taken to reach the steady state is increased
when Δ and Pr increase. Also the concentration boundary
layer becomes thin for higher values of Δ and Pr.
Figures 3(a)–3(c) depict the transient velocity, tempera-
ture, and concentration profiles for various values of chem-
ical reaction parameter 𝜆 and Schmidt number Sc. As the
Schmidt number increases the concentration decreases. This
causes the concentration buoyancy effects to decrease. The
velocity and boundary layer thickness decreases with an
increase in 𝜆 and Sc (Figure 3(a)), whereas the temperature
increases for larger values of Sc and smaller values of𝜆 and the
thermal boundary layer becomes thin for smaller values of Sc
and 𝜆 (Figure 3(b)). Figure 3(c) shows that the concentration
decreases for lower values of 𝜆 and higher values of Sc. With
increasing Sc the velocity is depressed through the boundary
layer; that is, the flow is retarded. Higher Sc values will
physically correspond to a decrease of molecular diffusivity
of the primary fluid causing a decrease in the rate of species
diffusion. Lower Sc values will exert the reverse influence
since they correspond to higher molecular diffusivities. Con-
centration boundary layer thickness is therefore considerably
greater for Sc = 0.6 than for Sc = 10.
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Figure 11: (a) Local skin friction profiles for different values of 𝑁. (b) Local Nusselt number profiles for different values of 𝑁. (c) Local
Sherwood number profiles for different values of𝑁.
Figures 4(a)–4(c) show the influence of the surface con-
centration power law exponent 𝑚 on velocity, temperature,
and concentration distributions. We observe in Figure 4(a)
that the velocity is maximized throughout the boundary layer
with a decrease in 𝑚. Figure 4(b) indicates that the temper-
ature increases for smaller values of 𝑚. As such increasing
power law exponents in the cone surface concentration
variations serve to decelerate the flow in the boundary layer.
Concentration of the species increases for smaller values of
𝑚 and larger values of 𝑛 is observed from Figures 4(c) and
5. The effects of the buoyancy ratio parameter 𝑁 on the
transient velocity, temperature, and concentration profiles are
shown in Figures 6(a)–6(c). The velocity increases steadily
with time reaches a temporal maximum and consequently
it reaches the steady state. However, time required to reach
the steady state depends upon buoyancy ratio parameter
𝑁. An increase in 𝑁 leads to an increase in the velocity;
that is, as 𝑁 increases, the combined buoyancy force also
increases; therefore, the velocity increases near the surface of
the cone (Figure 6(a)). As we move away from the surface
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Figure 12: (a) Average skin friction profiles for different values ofΔ and Pr in transient state. (b) Average Nusselt number profiles for different
values of Δ and Pr in transient state. (c) Average Sherwood number profiles for different values of Δ and Pr in transient state.
of the cone, the temperature decreases for all the values
of 𝑁 (Figure 6(b)); thus for higher value of buoyancy ratio
parameter 𝑁 the fluid cools rapidly and concentration field
decreases with increasing value of buoyancy ratio parameter
𝑁 (Figure 6(c)).
Local values of the skin friction 𝜏
𝑋
, Nusselt number
Nu
𝑋
, and Sherwood number Sh
𝑋
for different parameters
Pr, Δ, 𝜆, Sc, 𝑚, 𝑛, and 𝑁 are plotted through Figures 7(a)–
7(c) to Figures 11(a)–11(c). Figures 7(a)–7(c) indicate that
the local skin friction increases for larger values of Δ and
Pr (Figure 7(a)). The local Nusselt number increases for
smaller values of Δ and larger values of Pr; that is, the
heat generation/absorption parameter Δ has the tendency to
increase the magnitude of the local Nusselt number for Δ < 0
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Figure 13: (a) Average skin friction profiles for different values of 𝜆 and Sc in transient state. (b) Average Nusselt number profiles for different
values of 𝜆 and Sc in transient state. (c) Average Sherwood number profiles for different values of 𝜆 and Sc in transient state.
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Figure 14: (a) Average skin friction profiles for different values of𝑚 in transient state. (b) Average Nusselt number profiles for different values
of𝑚 in transient state. (c) Average Sherwood number profiles for different values of𝑚 in transient state.
(Figure 7(b)), whereas the local Sherwood number increases
for larger values of Δ and smaller values of Pr (Figure 7(c)).
Figures 8(a)–8(c) depict the effects of chemical reaction
parameter 𝜆 and Schmidt number Sc on the local skin
friction, local Nusselt number, and local Sherwood number.
The local skin friction and local Nusselt number increase for
smaller values of 𝜆 and Sc. Increasing 𝜆 and Sc clearly boosts
the wall skin friction (Figure 8(a)). With increasing Sc, the
local Nusselt number (Figure 8(b)) is consistently reduced.
The surface species gradient, that is, mass transfer rate at the
cone surface, is strongly elevated with a rise in 𝜆 and Sc is
observed from Figure 8(c). Figures 9(a)–9(c) show the effect
of the surface concentration power law exponent 𝑚 on the
local skin friction, local Nusselt number, and local Sherwood
number. The local skin friction and local Nusselt number
increase for smaller values of 𝑚, while the local Sherwood
number increases for higher values of 𝑚. Figure 10 indicates
the effect of surface temperature power law exponent 𝑛 on the
local Sherwood number; it increases for larger values of 𝑛. It is
observed from Figures 11(a)–11(c) the effect of buoyancy ratio
parameter𝑁 on the local skin friction, local Nusselt number,
and local Sherwood number. Figure 11(a) illustrates a rise in
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Figure 15: Average Sherwood number profiles for different values
of 𝑛 in transient state.
𝑁 accompanying a stronger increase in assisted buoyancy
force; it strongly accelerates the flow and enhances the shear
stress.The time required to attain the steady state is decreased
with this increase in 𝑁. Inspection of Figures 11(b) and 11(c)
shows that an increase in 𝑁 strongly boosts both Nu
𝑋
and
Sh
𝑋
; that is, it enhances the heat transfer gradient and mass
transfer gradient at the cone surface. Further the Sherwood
number increases with the increase in𝑁.The physical reason
is that positive force produced remarkable overshoot near the
surface within the boundary layer for low Prandtl number
fluid (Pr = 0.71) but for high Prandtl number fluid (Pr = 6.7)
the velocity overshoot is not significant. Also, the buoyancy
force enhanced the skin friction coefficient as well as the local
Nusselt number or local heat transfer rate. Simultaneously the
time required to attain the steady state is reduced with an
increase in𝑁 for both Nu
𝑋
and Sh
𝑋
.
Time dependences of the average values of skin friction
𝜏, Nusselt number Nu, and Sherwood number Sh for various
parameters Pr, Δ, 𝜆, Sc, 𝑚, 𝑛, and 𝑁 are plotted through
Figures 12(a)–12(c) to Figures 16(a)–16(c). From Figures
12(a)–12(c), it is noticed that the effects of heat genera-
tion/absorption parameter Δ and Pr on the average skin
friction. It increases for larger values of Δ and Pr, whereas the
average Nusselt number increases for smaller values of Δ and
higher values of Pr. The average Sherwood number increases
for larger values of Δ and smaller values of Pr. Figures 13(a)–
13(c) depict the effects of the chemical reaction parameter 𝜆
and Schmidt number Sc on the average skin friction, average
Nusselt number, and average Sherwood number.The average
skin friction and Nusselt number increase for smaller values
of 𝜆 and Sc but the average Sherwood number increases for
larger values of 𝜆 and Sc. Figures 14(a)–14(c) show the effect
of the surface concentration power law exponent 𝑚 on the
average skin friction, average Nusselt number, and average
Sherwood number. The average skin friction and average
Nusselt number increase for lower values of the surface
concentration power law exponent𝑚, but average Sherwood
number increases for larger values of 𝑚. Figure 15 indicates
the effect of surface temperature power law exponent 𝑛 on the
average Sherwood number. The average Sherwood number
increases for smaller values of 𝑛. It is clear fromFigures 16(a)–
16(c) the average skin friction, average Nusselt number, and
average Sherwood number increase for higher values of𝑁.
5. Conclusions
A mathematical model has been presented for the free
convection flow from a vertical cone with heat genera-
tion/absorption and chemical reaction. The family of gov-
erning partial differential equations is solved by an implicit
finite difference scheme of Crank-Nicholson type. A para-
metric study is performed to illustrate the influence of
thermophysical parameters on the velocity, temperature, and
concentration profiles. It has been observed that
(1) the time taken to reach steady state increases with
increasing Δ, Pr, 𝜆, 𝑆𝑐,𝑁,𝑚, and 𝑛;
(2) the fluid velocity increases for higher values of Δ, 𝑁
and lower values of Pr, 𝜆, Sc, and 𝑚. Temperature
increases for larger values of Δ, Sc and smaller values
of Pr, 𝜆,𝑚, and𝑁, while the concentration of species
decreases for smaller values of 𝜆, 𝑛 and larger values
of Δ, Pr, Sc,𝑚, and𝑁;
(3) the local skin friction increases for higher values of
Pr, Δ, and𝑁 and for lower values of 𝜆, Sc, and𝑚. The
local Nusselt number increases for higher values of Pr
and 𝑁 and lower values of 𝜆, Sc, Δ, and 𝑚. The local
Sherwoodnumber increases for higher values of𝜆, Sc,
Δ,𝑚, 𝑛, and𝑁 and smaller values of Pr;
(4) the average skin friction increases for larger values of
Δ, Pr, and 𝑁 and smaller values of 𝜆, Sc, and 𝑚. The
average Nusselt number increases for higher values of
Pr and𝑁 and lower values of 𝜆, Sc, Δ,𝑚, and𝑁. The
average Sherwood number increases for higher values
of 𝜆, Sc, Δ,𝑚, and𝑁 and lower values of Pr and 𝑛;
(5) momentum boundary layers become thick for higher
values of Sc, Δ, 𝜆, and 𝑁 and lower values Pr and 𝑚,
the thermal boundary layer becomes thick for higher
values of Sc, Δ, and 𝑚 and lower values of Pr, 𝜆, and
𝑁, and the concentration boundary layer becomes
thick for larger values of 𝜆 and 𝑛 and smaller values
of Δ, Pr, Sc,𝑁,𝑚, and𝑁.
Nomenclature
𝑎 : Constant
𝑏: Constant
𝐶
𝑃
: Specific heat at constant pressure
𝐷: Mass diffusivity m2S−1
𝑓
󸀠󸀠
(∞, 0): Local skin friction in [8]
Gr
𝐿
: Thermal Grashof number
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Figure 16: (a) Average skin friction profiles for different values of𝑁 in transient state. (b) Average Nusselt number profiles for different values
of𝑁 in transient state. (c) Average Sherwood number profiles for different values of𝑁 in transient state.
Gr∗: Mass Grashof number
𝑔: Acceleration due to gravity ms−2
𝑘: Thermal conductivity Wm−1K−1
𝑘
1
: Dimensional chemical reaction
parameter 𝐽
𝐿: Reference length m
𝑚: Exponent in power law variation in
surface concentration
𝑛: Exponent in power law variation in
surface temperature
𝑁: Dimensionless buoyancy ratio
Nu
𝑥
: Local Nusselt number
Nu
𝐿
: Average Nusselt number
Nu
𝑥
: Nondimensional local Nusselt number
Nu: Nondimensional average Nusselt
number
Pr: Prandtl number
𝑄
0
: Dimensional heat
generation/absorption coefficient
Wm−3
𝑅: Dimensionless local radius
𝑟: Local radius of the cone m
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Table 1: Comparison of steady-state local skin friction and local Nusselt number values at 𝑋 = 1.0 with those of Chamkha [8] for full cone,
for various values of Pr when 𝑛 = 0,𝑀 = 0,𝑁 = 0 and 𝑅
𝑑
= 0.
Pr
Local skin friction Local Nusselt number
Chamkha [8] Present values Chamkha [8] Present results
𝑓
󸀠󸀠
(∞, 0) 𝜏
𝑋
/Gr
𝐿
3/4
−𝜃
󸀠
(∞, 0) Nu
𝑋
/Gr
𝐿
1/4
0.001 1.5135 1.4149 0.0245 0.0294
0.01 1.3549 1.3356 0.0751 0.0797
0.1 1.0962 1.0911 0.2116 0.2115
1 0.7697 0.7688 0.5111 0.5125
10 0.4877 0.4856 1.0342 1.0356
100 0.2895 0.2879 1.9230 1.9316
1000 0.1661 0.1637 3.4700 3.5186
Sc: Schmidt number
𝑇
󸀠: Temperature K0
𝑇: Dimensionless temperature
𝑡
󸀠: Time s
𝑡: Dimensionless time
𝑈: Dimensionless velocity in—𝑋 direction
𝑢: Velocity component in 𝑥 direction ms−1
𝑉: Dimensionless velocity in—𝑌 direction
V: Velocity component in—𝑦 direction
ms−1
𝑋: Dimensionless spatial coordinate along
the cone generator
𝑥: Spatial coordinate along the cone
generator m
𝑌: Dimensionless spatial coordinate along
the normal to the cone generator
𝑦: Spatial coordinate along the normal to
the cone generator m.
Greek Symbols
𝛼: Thermal diffusivity m2s−1
𝛽: Volumetric thermal expansion 0k−1
𝛽
∗: Volumetric coefficient of expansion with
concentration 0k−1
Δ: Dimensionless heat generation and
absorption parameter
𝜆: Nondimensional chemical reaction
parameter
𝜌: Density kgm−3
−𝜃
󸀠
(∞, 0): Local Nusselt number in [8]
Δ𝑡: Dimensionless time step
Δ𝑋: Dimensionless finite difference grid size in
𝑋 direction
Δ𝑌: Dimensionless finite difference grid size in
𝑌 direction
𝜇: Dynamic viscosity kgm−1 s−1
]: Kinematic viscosity m2 s−1
𝜏
𝑥
: Local skin friction
𝜏
𝑋
: Dimensionless local skin friction
𝜏
𝐿
: Average skin friction
𝜏: Dimensionless average skin friction.
Subscripts
𝑤: Condition on the wall
∞: Free stream condition.
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